Abstract In the present work, the kinetics of hexavalent molybdenum reduction by the Serratia sp. strain MIE2 were investigated using several kinetic models, such as Monod, Haldane, Teissier, Aiba, Yano, Han and Levenspiel and Luong. The statistical analysis showed that the best model was Teissier, which had the lowest RMSE and AICc values, the highest adjusted R 2 values, and an F test and with a bias factor and an accuracy factor nearest to unity (1.0). The calculated value for the Teissier constants, such as p max , K s and K i , was 0.506 lmol Mo-blue h -1 , 6.53 mM and 29.41 mM, respectively. The effect of heavy metals showed that hexavalent molybdenum reduction by the strain MIE2 was inhibited by silver, mercury and copper with a total inhibition of 96, 97, and 45 %, respectively, at a concentration of 1 ppm. Otherwise, the Mo-reducing enzyme was inhibited by mercury and zinc with an inhibition of 88 and 65 %, respectively. Most of the respiratory inhibitors did not inhibit the Mo-reducing enzyme activity, indicating that the respiratory system in this bacterium is not the site of the hexavalent molybdenum reduction. The results obtained from this study could be useful for estimating the relationship between molybdenum-blue production and the molybdate concentration, which may be important during the up scaling of the molybdenum bioremediation process.
Introduction
There is a growing public health issue over heavy metal pollution (Wang et al. 2005) . Molybdenum is one of the crucial heavy metals that is biologically harmful at excessive concentrations (Kabata-Pendias 2010) . The extensive use of molybdenum in the industry has given rise to a number of the pollution accidents over the world. For example, in Tyrol, Austria, molybdenum pollution caused by industrial activities has polluted large pasture areas, reaching up to 200 ppm and resulting in scouring to ruminants (Neunhäuserer et al. 2001) . In New Mexico, molybdenum and other toxic metals were discovered by the New Mexico Environmental Department at levels exceeding beyond the New Mexico Environmental Standard in the Red River (Kimball et al. 2006) . Burec-Drewniak et al. (2013) reported a molybdenum concentration that reached as high as 10 ppm in the soil in Silesian Upland, Poland. Bioremediation is one of the approaches to eliminate toxic metals from the environment. Bacterial remediation of hexavalent molybdenum involves the reduction of molybdate (Mo 6? ) to insoluble forms, and the most often reported is to Mo-blue and molybdenum disulphide. In the reduction of hexavalent molybdenum to molybdenum disulphide, hydrogen sulphide, which is a poisonous gas, is produced through the reaction of the bacteria, while a reduction to Mo-blue is mediated by an enzyme that was recently purified and characterised. The enzyme has an apparent molecular weight of 105 kD, an isoelectric point of 7.55, an optimum pH of 6.0 and a maximum activity in between 25 and 35°C. The enzyme exhibits the V max for NADH at 12.0 nmol Mo blue/min/mg protein, and the apparent K m for NADH is 0.79 mM (Shukor et al. 2014) . Therefore, hexavalent molybdenum reduction to Mo-blue is a better candidate for bioremediation (Lloyd 2003; Shukor et al. 2009a) .
The study of the kinetics of reduction reveals how toxic metals influence the rate of reduction. The kinetics for the biodegradation or bioreduction of xenobiotics are numerous in the literature. However, when a substrate inhibits the biodegradation or bioreduction rate, the original Monod model becomes unsatisfactory (Babaee et al. 2010; Basheer and Farooqi 2012) . In such cases, Monod derivatives, which offer modifications for substrate inhibition (by incorporating the inhibition constant K i ), could be used to describe the kinetics (Okpokwasili and Nweke 2006) . There are various Monod derivatives available for modelling substrate influences on rate, such as Teissier (Edwards 1970), Aiba et al. (1968) , Yano et al. (1966) , Webb (1963) and Han and Levenspiel (1988) . The reduction kinetics of metal-reducing microbes, nevertheless, is less studied. Currently, almost all the scientific studies on the reduction kinetics of heavy metals, for instance mercury (Głuszcz et al. 2011) , arsenate (Soda et al. 2006 ) and chromate (Sukumar 2010) , reported a Haldane-type inhibition. An investigation on uranium reduction, however, shows Monod kinetics (Truex et al. 1997) . Up to now, the only kinetic studies on hexavalent molybdenum reduction to Mo-blue were accomplished in Bacillus sp. A.rzi where clearly a strong inhibition of the Mo-blue production rate according to the Luong model at high concentrations of molybdate was observed (Othman et al. 2013) . Unlike the more commonly reported Haldane model, the Luong model permits the determination of the critical concentration of the substrate, which completely inhibits the production of products as evident from the work of (2013) with a calculated critical concentration of molybdate that completely inhibited Mo-blue production at 108.22 mM. This is actually the first time established models of kinetic studies were applied to model Mo-blue production in bacterium.
The aim of this work was to study the reduction kinetics of hexavalent molybdenum reduction by the novel Moreducing bacterium Serratia sp. MIE2, which was isolated for the first time from agricultural soil using seven different kinetic models (Halmi 2014 ). The best model to represent the Mo-reduction kinetic was evaluated through the verification of the fitting models using various statistical methods, such as the Root-Mean-Square Error (RMSE), the adjusted coefficient of determination (R 2 ), the bias factor (BF), the accuracy factor (AF), the corrected AICc (Akaike Information Criterion) and the F test. The effect of inhibitors, such as heavy metals and respiratory inhibitors, was also investigated in this study.
Materials and methods

Chemicals
All the chemicals employed in this study were of analytical grade and were purchased from Fisher (Malaysia), Sigma (St. Louis, MO, USA) and Merck (Darmstadt, Germany).
Cultivation of the Serratia sp. strain MIE2
The molybdenum-reducing Serratia sp. strain MIE2 (GeneBank accession no. KF647218) was used in this study. The bacterium was deposited under an in-house culture collection in the Institute of Bioscience at the University of Putra Malaysia under the accession Serratia sp. UPMC 926 (Halmi 2014) . The bacterium was grown in low phosphate media (LPM) that consisted of sucrose (3 %), (NH 4 ) 2 SO 4 (0.2 %), MgSO 4 Á7H 2 O (0.05 %), yeast extract (0.5 %), NaCl (0.5 %), Na 2 MoO 4 Á2H 2 O (0.24 %), and Na 2 HPO 4 (0.04 %) (Halmi 2014) . One hundred ml of the cultivation medium in a 250-ml shake flask was inoculated with 2 % inoculums to initiate the bioreduction process. The cultivation of the bacterium was carried out at room temperature for 24 h at 150 rpm. Mo-blue production was measured at 865 nm using a UV/Vis spectrophotometer (Shimadzu, Japan). One mL of the culture media was centrifuged at 10,000g for 10 min, and the absorbance was measured at 865 nm. The absorbance values above 1.0 were directly diluted using blank media (Shukor et al. 2010b ).
Modelling kinetic experiment
A batch experiment was carried using the optimum conditions for hexavalent molybdenum reduction by strain MIE2 and initial molybdate concentrations ranging from 0 to 60 mM. The experiment was started by inoculating an optimised low phosphate media [sucrose (3 %) (NH 4 )2SO 4 (0.2 %), MgSO 4 Á7H 2 O (0.05 %), yeast extract (0.5 %), NaCl (0.5 %), Na 2 MoO 4 Á2H 2 O (0.24 %), and Na 2 HPO 4 (0.04 %)] with 2 % (v/v) of a 24-h culture of strain MIE2. The initial amount of cells was estimated by first centrifuging at 10,000g for 10 min a 1 mL portion of the 24-h culture of the strain MIE2 in microfuge tubes. The cell pellet was resuspended in 1 mL of low phosphate media minus glucose and was vortexed to resuspend the cells. An aliquot of the resuspended cells (100 lL) was mixed with 5 mL of Coomassie dye binding reagent (BioRad, USA), and the concentration of protein, which represents the cell quantity, was measured at 595 nm in a plastic cuvette (Ghani et al. 1993) .
The kinetics were measured by collecting 1 ml of cultures of different media containing different concentrations of molybdate every 2 h for 24 h. The quantity of cells, measured in terms of protein concentration, was determined using the Coomassie dye binding method as before. Mo-blue production was measured at an 865 nm wavelength. All the seven kinetic models were fitted to the experimental data using a curve-fitting toolbox available from Matlab R2012a and OriginPro 9. The rate of hexavalent molybdenum reduction is represented as the Moblue production rate. The formulae for the various kinetic models are shown in Table 1 where P, P max , K s , K i , S, S m , and n are the Mo-blue production rate (h -1 ), the maximum Mo-blue production rate (h -1 ), the half-saturation constant (mM), the inhibition constant (mM), the substrate concentration (mM), the critical substrate concentration above which the production of Mo-blue completely stops (mM), and the exponent representing the impact of the substrate to P max , respectively. The Mo-blue production rate was calculated based on the linear portion of the Mo-blue production against time (Othman et al. 2013 ).
Verification of the fitting models
To decide whether there is a significant difference (in terms of the quality of the fit to the same experimental data) between the models with different number of parameters, the data were statistically assessed through various methods such as the Root-Mean-Square Error (RMSE), the adjusted coefficient of determination (R 2 ), the bias factor (BF), the accuracy factor (AF), the corrected AICc (Akaike Information Criterion) and the F test (López et al. 2004 ). The RMSE was calculated according to Eq. (2), where Pd i are the values predicted by the model and Ob i are the experimental data, n is the number of experimental data, and p is the number of parameters of the assessed model. It is expected that the model with the smaller number of parameters will give smaller RMSE values.
In linear regression models, the coefficient of determination or R 2 is used to assess the quality of the fit of a model. However, in nonlinear regression, where the difference in the number of parameters between one model to another is normal, the adoption of the method does not readily provide a comparable analysis. Hence, an adjusted R 2 is used to calculate the quality of the nonlinear models according to the formula where RMS is the Residual Mean Square and s 2 y is the total variance of the y-variable.
The Akaike information criterion (AIC) provides a means for model selection by measuring the relative quality of a given statistical model for a given set of experimental data. For the output of a set of a predicted model, the most preferred model would be the model showing the minimum AIC value. This value is often a negative value. For example, an AICc value of -10 more preferred more than a value of -1. The equation incorporates a number of parameter penalties; the more the parameters, the less preferred the output or the higher the AIC value. Hence, the AIC not merely rewards the goodness of fit, but, in addition, does not encourage using a more complicated model (overfitting) for fitting the experimental data. Because the data in this work are small compared to the number of parameters used, a corrected version of the AIC, the Akaike information criterion (AIC) with correction or the AICc is used instead (Akaike 1977; Motulsky and Ransnas 1987) . The AICc is calculated for each data set for each model according to the following equation:
where n is the number of data points and p is the number of parameters of the model. The method takes into account the change in the goodness-of-fit and the difference in the number of parameters between two models. For each data set, the model with the smallest AICc value is highly likely to be correct (Motulsky and Ransnas 1987) .
The F test is a statistic test used to find the most significant model between the available predicted curve-fitting models. The analysis procedure includes selecting the model with the smallest RSS among all the models with the same or different number of fitting parameters followed by comparing the relative value of the F-ratio. In the event, the F-ratio of the two models surpasses the upper quartile, the better complicated model is accepted as statistically significant (Motulsky and Ransnas 1987) . Equation 5 is for models with the same number of parameters, while Eq. 6 is for models with different numbers of parameters:
The accuracy factor (AF) and the bias factor (BF), which test for the goodness-of-fit of the models as suggested by Ross (1996) , were also used. A bias factor equal to 1 indicates a perfect match between the predicted and observed values. A bias factor with values \1 indicates a fail-dangerous model, while a bias factor with values [1 indicates a fail-safe model. The accuracy factor is always C1, and higher AF values indicate less precise prediction (Ross 1996) .
Bias factor ¼ 10
Accuracy factor ¼ 10
2.5 Preparation of a crude Mo-reducing enzyme Serratia sp. MIE2 was cultivated in 9 L of high phosphate media (HPM) with an adjustment of the phosphate concentration to 100 mM. HPM inhibits the bacteria to produce Mo-blue (Ghani et al. 1993) . Although a high phosphate concentration suppresses molybdate reduction to produce Mo-blue, the cells, however, still contain the active enzyme (Shukor et al. 2008a ). To make sure that the cells were not denatured due to the heat, the following experiment was performed at 4°C unless stated otherwise. The bacterial cells were collected by centrifuging the HPM at 10,0009g for 20 min at 4°C. Then, the cells were washed three times with distilled water. The washing step was carried out briefly by pouring distilled water on top of the cell pellet and was washed out quickly. This helps to remove the residual high phosphate on top of the cell pellet. The cells were then re-suspended with Tris-HCl buffer (pH 7.0) and re-centrifuged at 10,0009g for 10 min. The pellets were reconstituted with 10 ml of the 50 mM Tris Buffer (pH 7.0) containing 2 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethanesulphonyfluoride (PMSF) as a protease inhibitor and 2 mM DTT (Shukor et al. 2008b) . The cells were then sonicated in a Biosonik 111 TM sonicator at 20 Kilocycle per sec in a continuous mode (Bronwill Scientific, Rochester, NY). Sonication was performed on an ice bath for 1 min with 3 min cooling for a total sonication time of two hours. The samples were sonicated until the cell pellet became liquefied and the colour changed from a pale yellow to a pale pink (Shukor et al. 2008b ). The sonicated fraction was ultra-centrifuged at 24,0009g for 90 min at 4°C, and the supernatant, composed of the crude enzyme, was collected (Shukor et al. 2008b ). The crude enzyme was subjected to an ammonium sulphate precipitation. All the studies were carried out using a 40 to 50 % ammonium sulphate fraction dialysed in 5 L of 10 mM of Tris-HCl pH 7.5 buffer containing 0.1 mM dithiothreitol for ten hours with stirring at 4°C as suggested by Shukor et al. (2008b) .
Effect of heavy metals on hexavalent molybdenum reduction
Sixteen metal ions and heavy metals at 1 mg/L (1 ppm) or concentrations from 0.03 to 0.01 mM were tested on the The amount of Mo-Blue production was measured at 865 nm. The bacterial cultures were inoculated with 2 % fresh cultures (1.0 absorbance) to start the hexavalent molybdenum reduction and were incubated on the rotary shaker at room temperature at 150 rpm for 24 h. For the Mo-reducing enzyme, the heavy metals were added into 100 lL of the enzyme fraction to the final concentration of approximately 1 ppm and 10 %, respectively. The reaction mixtures were incubated for 1 h at 4°C. For the control studies, the metal ions were replaced with distilled water for each of the concentrations studied. The Mo-reducing enzyme assay was carried out as follows: 100 lL of 50 mM phosphomolybdate, 100 lL of 400 mM NADH and 100 lL of the Mo-reducing enzyme fraction were added into a 1 mL assay containing sodium phosphate buffers (50 mM). Then, the production of Mo-blue was measured by reading the absorbance at 865 nm (Lim et al. 2012 ).
Effect of respiratory inhibitors on Mo-reducing enzyme activity
The following experiments were carried out to determine the effect of a selection of inhibitory agents on Moreducing enzyme activity. The experiments were carried out (in triplicate) as follows: Antimycin A, sodium azide, HQNO (Hydroxyquinoline-N-Oxide), potassium cyanide, rotenone, iodoacetic acid and sodium fluoride were prepared as 10, 50, 50, 50, 5, 20 and 20 mM stock solutions, respectively, in deionised water. Rotenone, antimycin A and menadione were first dissolved in a minimal volume of acetonitrile. All the reaction mixtures were added in a volume not exceeding 20 % of the assay volume to avoid shifting in the assay pH. Deionised water was added to ensure that the entire reaction mixture was 1.0 mL. For the controls, 50 lL of acetone was used in the reaction mixture without the inhibitors (Shukor et al. 2008b ). The respiratory inhibitors were added into 100 lL of the enzyme fraction to the final concentration as stated above, respectively. The reaction mixtures were incubated for 1 h at 4°C. For the control studies, the respiratory inhibitor was replaced with distilled water for each of the concentrations studied. The Mo-reducing enzyme assay was performed as follows: 100 lL of 50 mM phosphomolybdate, 100 lL of 400 mM NADH and 100 lL of Mo-reducing enzyme fraction were added into 1 mL assay containing sodium phosphate buffers (50 mM). Then, the production of Mo-blue was measured by reading the absorbance at 865 nm.
Results
Modelling the kinetics of a hexavalent molybdenum blue reduction by the Serratia sp. MIE2
The hexavalent molybdenum reduction kinetics were obtained by measuring the rate of Mo-blue production at different times for 24 h at different initial concentration of molybdate. Figure 1 shows the result of the effect of the different concentrations of molybdate. Mo-blue production increased, reaching an optimum at 10 mM then starting to decrease at concentrations higher than 20 mM and was totally inhibited at 60 mM. The result from Fig. 1 was used to calculate the hexavalent molybdenum reduction rate. The data were first linearised by converting the amount of molybdenum blue produced over time into natural logarithm (ln). The value of the slope was the growth rate. The rate of Mo-blue production was plotted against the initial concentration of molybdate. The determination of the intrinsic growth kinetic parameters for the strain MIE2 was not possible due to the fact that Mo-blue formed a precipitate together with the bacterial mass (Shukor et al. 2010a) . Hence, only the reduction kinetics were studied. The data from the batch studies were fitted to seven kinetic models using the curve-fitting toolbox in Matlab R2012 with a custom equation algorithm that leads to the minimisation of the sum of the square of the residuals to find the constants (Fig. 2a-g ). The growth of the bacterium during reduction, as measured using the protein assay, increased from 5.3 ± 1.79 to 7.12 ± 1.92 mg/mL protein; however, the increase was statistically not significant (p [ 0.05), and the cellular number was assumed to be constant.
The accuracy and statistical analysis of the kinetic models used show that the best model was Teissier, which showed low RMSE and AICc values and the highest adjusted R 2 values and an F test and with a bias factor and accuracy factor nearest to unity (1.0) ( Table 2 ). The poorest model was Monod. The calculated value for the Teissier constants, such as the maximal reduction rate, the half-saturation constant for the maximal reduction and the half inhibition constant symbolised by p max , K s , and K i, was 0.999 lmol Mo-blue h -1 , 6.53 and 29.41 mM, respectively. It needs to be cautioned that the p max value obtained based on the curve-fitting interpolation is not the true value as the true p max , which should be where the gradient for the slope is zero, and in this case the value was approximately 0.506 lmol Mo-blue h -1 at 12.6 mM molybdate (Fig. 2) . The equation for the Teissier using the values obtained from the fitting is as follows:
3.2 Effect of heavy metals on Mo-blue production by the strain MIE2
As shown in Fig. 3 , the bacterial cells were inhibited by silver, mercury and copper with total inhibitions of 97, 96 and 45 %, respectively, at a concentration of 1 ppm. Otherwise, other heavy metals showed an inhibition less than 20 % compared to the control. Enzymes involved in the reduction of metal ions were inhibited by toxic heavy metal ions or some of them acted as cofactors for the enzyme. The site of inhibition is suggested to be the thiol group (Appanna et al. 1996) . According to Fig. 3 , the Moreducing enzyme was inhibited by mercury and zinc with an inhibition of 88 and 65 %, respectively.
Effect of respiratory inhibitors on Mo-blue production by the strain MIE2
Most of the respiratory inhibitors did not inhibit the Moreducing enzyme activity (Fig. 4) . The concentrations employed in this work are as recommended by Dawson et al. (1969) in studies on glycolytic and respiratory chain (electron transport chain or electron transport system) inhibitors. Inhibitors of the glycolytic enzymes are iodoacetic acid and sodium fluoride, while the rest are electron transport chain inhibitors. Cyanide was used as an inhibitor of the terminal cytochrome d oxidase. Sodium azide, Antimycin A and HQNO (Hydroxyquinoline-N-Oxide) are inhibitors to cytochrome b, while Rotenone was used as an inhibitor of NADH dehydrogenase. All these compounds are components of the respiratory chain complex.
Discussion
Modelling kinetics reveals that each of the models, with the exception of the Monod model, exhibits close fitting to the experimental values. According to the results of the statistical analyses, the Teissier was the best model to describe the reduction kinetics of this bacterium. The Teissier was developed to model substrate restricted growth kinetics by the diffusion of the substrate over the outer membrane of the bacterium (Edwards 1970) . In comparison, the Monod model was designed to model growth of the substrate as having a single rate-limiting, saturation kinetics-exhibiting transport system at the cytoplasmic membrane (Monod 1949) . Both the models differ only slightly at the low substrate concentrations but differ widely at the high substrate concentrations, which explains why the Monod model did not fit the experimental data at very high substrate concentration. This was observed in the reduction of molybdenum to molybdenum blue by the Bacillus sp. strain A.rzi ( 2013) and in the biodegradation of oil and grease in wastewater using activated sludge (Nakhla et al. 2006) . Although the Luong model was demonstrated to be better in terms of the correlation coefficient value in modelling hexavalent molybdenum reduction kinetics in Bacillus sp. strain A.rzi, there is a major difference in terms of the inhibitory effect of molybdenum between the strains A.rzi and MIE2. In the strain A.rzi, Mo-blue production was almost completely inhibited at 100 mM molybdate, with a calculated inhibitory concentration, according to the Luong model, at 108.22 mM. In the strain MIE2, Mo-blue production was not inhibited at concentrations of molybdate higher than 80 mM. Mo-blue production appears to level of from 80 to 100 mM with an appreciable low amount of Mo-blue being produced, indicating that the Luong model is not applicable as it predicts a molybdate concentration that should completely shut down Mo-blue production. The calculated value for the Luong's constants P max and K s is 5.88 lmol Mo-blue h -1 and 70.36 mM, respectively, for the Bacillus sp. strain A.rzi (Othman et al. 2013) . The maximal rate of Mo-blue production for strain MIE2 was lower than strain A.rzi, indicating a lower efficiency, while the lower K s value for the strain MIE2 indicates a lower substrate concentration for this strain to achieve the maximal rate compared to the Bacillus sp. strain A.rzi, indicating that the strain could reach a maximal rate at a lower concentration than the strain A.rzi. The Teissier model was successfully used to fit various growth kinetics data with substrate inhibition on several systems (Edwards 1970) , and this is the first time the Teissier model has been used to model hexavalent molybdenum reduction kinetics in bacteria. Many of the parameters tested in the models do not have a biological meaning, but the results obtained will be very useful for further optimisations.
One of the assumptions of the growth model, which was a constant growth rate, was observed during the course of reduction as measured using the protein assay. However, an additional growth measurement, such as cellular number measured as CFU mL -1 , also showed whether the growth was constant; however, this was demonstrated to be difficult as the cells coagulated strongly to the molybdenum blue produced (Ghani et al. 1993; Shukor et al. 2008a, b) , leaving the protein assay, representing a cellular growth measurement, as the method to indicate growth (Ghani et al. 1993) . The growth of the Mo-reducing bacteria appears to be stunted or experiences a very slow growth during molybdenum reduction, which probably due to the aggregation of molybdenum blue to the cells and causes growth to be inhibited as suggested by Ghani et al. (1993) . The inhibitory effects by molybdenum and other heavy metal ions could become a major problem for in situ bioremediation. Therefore, it is important to screen and isolate bacteria with heavy metal resistance. According to Shukor et al. (2008a) , mercury is a potent inhibitor to molybdate reduction; hence, this may be the reason why hexavalent molybdenum reduction by strain MIE2 was fully inhibited by mercury at 1 ppm. The Enterobacter sp. strain Dr.Y13 showed a similar pattern to strain MIE2 due to the strong inhibitory effect by silver (Shukor et al. 2009b ). The reduction of hexavalent molybdenum to Moblue by the other reported molybdenum-reducing bacteria was fully inhibited by copper at 1 ppm, but strain MIE2 was only 50 % inhibited, showing that the strain MIE is relatively resistant to copper at 1 ppm. Silver inhibited the Serratia sp. MIE2 bacterial cells, but the Mo-reducing enzyme showed no inhibition, indicating that silver probably inhibits the other metabolic pathways. Copper inhibited the enzyme by less than 25 %, indicating a tolerance to copper compared to other molybdenum-reducing enzymes. The remaining tested heavy metals inhibited the Mo-reducing enzyme at less than 20 % or showed no inhibition. The percentage enzyme activity exceeds the control after the enzyme was incubated with nickel. The higher enzyme activity indicates that the Mo-reducing enzyme from the strain MIE2 used nickel as a cofactor during the reduction process. This knowledge on the effects of metal ions on enzyme activity is helpful for the purification of the enzyme as well as for understanding the limitations of the metal-reducing activity (Shukor et al. 2008b) .
The effects of the respiratory inhibitor results suggest that the electron transport chain of this bacterium is not the site of molybdate reduction as was proposed for the Enterobacter cloacae strain 48 by Ghani et al. (1993) based on the inhibition of the Mo-reducing enzyme in E. cloacae 48 by cyanide. It was demonstrated that the inhibition by cyanide of the E. cloacae 48 is caused by a dramatic increase in pH as cyanide is a basic hydrolysis salt (Yunus et al. 2009 ). The result suggests that the electron transport system in the strain MIE2 bacterium is not the site of molybdate reduction. Respiratory inhibitors have long been employed to find out the identity of metalreducing enzymes in numerous studies. Rotenone, azide and cyanide failed to inhibit chromate reduction in E. coli (Campbell et al. 1985) and in Pseudomonas mendocina (Rajwade et al. 1999) . Nevertheless, cyanide and azide inhibit the oxidation of arsenite in Alcaligens sp. (Osborne and Ehrlich 1976) and the reduction of chromate in Bacillus subtilis (Garbisu et al. 1998 ). The same respiratory inhibitors were employed to discover the location or the identity of many metal-reducing enzymes with mixed results. It was demonstrated that rotenone, cyanide and azide failed to inhibit chromate reduction in E. coli (Shen and Wang 1993) , Arthrobacter sp. SUK 1201 (Dey and Paul 2014) and Acinetobacter haemolyticus (Zakaria et al. 2007 ). In contrast, both azide and cyanide inhibited the reduction of chromate in B. subtilis, indicating the involvement of the electron transport chain (Garbisu et al. 1998 ).
Conclusion
The modelling kinetics of hexavalent molybdenum reduction by the Serratia sp. strain MIE2 were investigated using batch flask experiments. The strain was used in the present study to produce data that can be used in real-scale bioremediation processes. The batch experiments clearly demonstrated the inhibitory effect of molybdate on Moblue production at high concentrations. The best model to represent hexavalent molybdenum reduction by the Serratia sp. MIE2 was Teissier; although, the goodness of fit tests indicated that it is slightly better than the other models. Future work will be performed to increase in the number of points, and it is hoped that these studies will mitigate some of the problems related to the closeness of the fittings of the models utilised. Hexavalent molybdenum reduction by the strain MIE2 was inhibited by silver, mercury and copper with a total inhibition of 96, 97, and 45 %, respectively, at a concentration of 1 ppm. The moreducing enzyme was inhibited by mercury and zinc with inhibitions of 88 and 65 %, respectively. Nickel was discovered to enhance Mo-reducing enzyme activity, indicating that the enzyme used nickel as a cofactor during the reduction process. Most of the respiratory inhibitors did not Fig. 4 Effect of glycolytic and respiratory inhibitors to the Moreducing enzyme in the Serratia sp. MIE2. The error bars represent the mean ± standard deviation of three replicates inhibit the Mo-reducing enzyme activity. The result proposes that the respiratory system in this bacterium is not the site of hexavalent molybdenum reduction.
